Human neurodevelopment and its associated diseases are complex and challenging to study. This has driven recent excitement for human cerebral organoids (hCOs) as research and screening tools. These models are steadily proving their utility; however, it remains unclear what limits they will face in recapitulating the complexities of neurodevelopment and disease.
INTRODUCTION
Human cerebral organoids (hCO) are rapidly becoming important models for basic and translational research (Bagley et al., 2017; Lancaster et al., 2013; Di Lullo and Kriegstein, 2017; Pasca et al., 2015) . Already, hCOs have been shown to accurately model the cell types and transcriptomics of early human neurodevelopment, which is particularly difficult to study due to the restricted availability of human fetal tissue (Camp et al., 2015; Li et al., 2017) . They have also phenocopied disease processes including in ZIKA infection (Dang et al., 2016; Garcez et al., 2016; Qian et al., 2016) , micro/lissencephaly (Bershteyn et al., 2017; Lancaster et al., 2013) , Autism Spectrum Disorder (ASD) and related disorders (Birey et al., 2017; Mariani et al., 2015) , and Alzheimer's disease (Choi et al., 2016; Raja et al., 2016) . Altered progenitor proliferation and death, excitatory-inhibitory imbalances, and aberrant gene expression were among the observable phenotypes using hCOs.
While this body of work is promising, the broader utility of hCOs in biomedical research will depend on their ability to recapitulate an increasing portfolio of neurodevelopmental details and phenotypes. In particular, neurodevelopment is inherently dynamic in space and time, with lessons from rodent models demonstrating that the timing, subcellular localization, and cell type specific expression of genes are indispensable for proper brain development (Mabb et al., 2011) . It remains unclear to what extent hCOs accurately capture this level of spatiotemporal and epigenetic complexity. Further complicating matters, it remains unclear when in development the molecular underpinnings of neurodevelopmental disorders take root, and if these time periods even overlap those that hCOs can model (roughly the first half of gestation).
Of particular importance are the spatiotemporal dynamics of the over 100 imprinted genes that are allele-specifically expressed in the central nervous system (Bartolomei and Ferguson-Smith, 2011) . Identifying where and when these alleles are expressed has deep implications for understanding the mechanistic etiologies of many neurodevelopmental disorders and for identifying potential time windows and cell types to target therapeutically. We decided to focus on UBE3A, an imprinted gene whose absence results in Angelman Syndrome (AS) and whose overabundance leads to a subset of ASD (Vatsa and Jana, 2018) . We demonstrate that hCOs can model the complex spatiotemporal dynamics of UBE3A, reveal dynamic phenotypes specific to humans, and respond to candidate small molecule therapeutics. The results of this work provide evidence to motivate the broader use of hCOs to investigate imprinted loci, other complex epigenetic phenomena, and their related neurodevelopmental disorders.
UBE3A is an ideal candidate to test the utility of hCOs because of the existence of strong pioneering work in mouse models (Lopez et al., 2019) . These provide important biological context and molecular benchmarks for hCOs. There are also significant anatomical differences between mouse and human brains including in UBE3A isoforms (LaSalle et al., 2015) and cisregulatory elements (Chamberlain et al., 2010; Hsiao et al., 2019 ) that could result in substantially different UBE3A biology. Thus, hCOs also present an opportunity to identify key species-specific differences, with both similarities and differences potentially providing key insights into disease mechanisms and treatment strategies. Thus, the overall strategy in this work is to harness salient features of mouse UBE3A as benchmarks for hCOs, while also identifying human-specific UBE3A properties. The key questions we asked were: 1) are there specific time periods during which human UBE3A is imprinted or its subcellular localization changes that indicate potential therapeutic time windows, and do hCOs even capture these time periods; 2) in which human cell types does UBE3A exhibit nuclear localization, which was recently functionally connected to disease phenotypes (Avagliano Trezza et al., 2019) ; and 3) can hCOs be used to test or screen for potential therapeutic compounds?
RESULTS
hCOs reveal an early transition of cytoplasmic to nuclear UBE3A.
One of UBE3A's salient molecular features is its shift from the cytoplasm to nucleus upon neuronal maturation Dindot et al., 2008; Gustin et al., 2010) , likely driven by shifts in isoform expression (LaSalle et al., 2015; Miao et al., 2013; Sadhwani et al., 2018) . Importantly, it was recently shown that mice lacking nuclear UBE3A show electrophysiological and behavioral deficits similar to other AS model mice that lack maternal UBE3A (Avagliano Trezza et al., 2019) . Furthermore, UBE3A has two putative functions, regulating gene expression and protein degradation (LaSalle et al., 2015) , that could be influenced by subcellular localization. Thus, mapping UBE3A's subcellular localization over time and across cells types is important for understanding disease etiology and treatment.
Given the importance of UBE3A's subcellular localization, we asked if 'whole brain' hCOs (Lancaster et al., 2013) would recapitulate this nuclear shift, and furthermore, if hCOs could be used to efficiently map when and in which cell types UBE3A is expressed. As a benchmark to orient our experiments, prior work showed that just after birth (i.e. P0-6 or ~3 weeks post conception), mouse UBE3A transitioned from diffuse to strongly nuclear in many neurons of the brain (Judson et al., 2014) . hCOs have previously been shown to model cell types up through the first human trimester by comparisons to human fetal tissue (Camp et al., 2015; Luo et al., 2016; Quadrato et al., 2017) , but have yet to be grown to the equivalent of postnatal maturity. Furthermore, there is a lack of data on the prenatal biology of UBE3A. Thus, we were unsure if the nuclear localization of UBE3A seen postnatally in mice would be observable in hCOs. However, the timing of mouse and human neurodevelopment is difficult to directly correlate with some aspects reliant on absolute timescales (Mason and Price, 2016) . Therefore, we grew, fixed, and sectioned hCOs over a broad time range (1-12 weeks) in culture and stained for nuclei, UBE3A, and a diverse panel of cell-type specific markers (Figure 1 , S1, 2, and S2). Interestingly, we found that UBE3A localized strongly in the nuclei of a substantial number of neurons after only 3 weeks in culture, matching or even preceding mice on an absolute timescale ( Figure 1A and S1A). The percentage of cells with nuclear UBE3A increased over time, correlating with the appearance of PAX6+ neural progenitors and TUJ1+/SOX2-neurons ( Figure  1B , 1C, and S1). In fact, the lineage progression of these three cell types seemed to track the shift in UBE3A localization: SOX2+ stem cells showed almost no nuclear UBE3A, roughly half of PAX6+ progenitors exhibited strong nuclear UBE3A, and TUJ1+ neuronal areas showed almost complete nuclear staining ( Figure 1D ). Thus, human UBE3A recapitulates the same general nuclear localization in neurons as in mice and at a similar absolute timescale, but at a much earlier stage relative to birth. Furthermore, hCOs appear to capture the important time periods to study and observe UBE3A dynamics.
Cortex-like development in hCOs provides temporal benchmarks for UBE3A dynamics.
Given the difficulty of correlating absolute and gestation-relative developmental timescales between species and artificial systems such as hCOs, we next asked if there is a structural boundary that reflects developmental progression that could be used to assess UBE3A dynamics across species. The fetal cortex is comprised of layers of cells representing different stages of differentiation, including a sequential transition from neural precursors (SOX2), to radial glia and intermediate progenitors (PAX6, EOMES) to post-mitotic neurons (TBR1, CTIP2, SATB2) (Englund, 2005) . Interestingly, in 10 week old hCOs, we observed a striking boundary between cortex-like layers of TBR1+ and EOMES+ cells in hCOs, with strong nuclear UBE3A only in TBR1+ cells ( Figure 2A ). As TBR1+ pre-plate regions are precursors to the cortical-plate we stained for CTIP2 (early-born deep layer neurons) and SATB2 (late-born superficial layer neurons) in 10-week old hCOs and found that both markers were expressed in cells with strong nuclear UBE3A ( Figure 2B , S2A, S2B and S2C). Furthermore, while relatively rare, mature SATB2+/TBR1-cells exhibited a relative loss in nuclear UBE3A compared to their more common and immature SATB2+/TBR1+ counterparts ( Figure 2E ). Interestingly, the strong coexpression of TBR1 with SATB2 and CTIP2 cells correlates with periods before human post conception week 20 (PCW20), with separation of these markers occurring closer to GW30 in human fetal tissue (Saito et al., 2011) , suggesting that these 10 week hCOs may be roughly capturing neurodevelopmental periods before GW20.
As another method to infer the "analogous gestational age" of when UBE3A is localizing to the nucleus in hCOs, we analyzed the co-expression of calretinin with TBR1. It was previously reported that calretinin expression in the early fetal brain is not restricted to GABAergic interneurons but is also present in the first excitatory projection neurons of the cortex (labeled by TBR1). During human PCW7-7.5, TBR1+/calretinin+ cells co-exist with TBR1-/calretinin+ neurons in the advanced pre-plate and the pioneer cortical-plate. Shortly after this stage, the cortical plate is established (PCW8) where TBR1+/calretinin-and TBR1+/weak calretinin neurons are observed (Gonzalez-Gomez and Meyer, 2014) . This led us to the idea that the coexpression of calretinin with TBR1 and subsequent weakening and disappearance of calretinin may serve as a pseudo-temporal benchmark for hCOs. Indeed, in 9 week old hCOs we were able to capture this transition point where both TBR1+/calretinin+ and TBR1+/weak calretinin neurons were observed ( Figure 2D and S2D). In both of these cell types UBE3A was localized primarily to the nucleus and the expression of UBE3A seemed to be higher in calretinin+ neurons ( Figure 2D and S2D). Collectively these results suggest the nuclear localization of UBE3A in hCOs occurs in what could be the equivalent of the 1 st trimester of human gestation. In addition, this strategy could be more broadly applied in the future to use key features of cortical development to benchmark other molecular events in hCOs to a rough gestational timeline.
hCOs reveal distinct patterns of UBE3A expression in progenitor-related compartments.
A significant advantage of hCOs is their ability to create many cell types from the whole brain. Given the functional importance of UBE3A localization (Avagliano Trezza et al., 2019) , and the ability of hCOs to capture this localization (Figures 1, S1, 2, S2), we asked if there were unique expression patterns in cell types other than neurons that have yet to be observed. UBE3A was previously found not to imprint in mouse stem cell and progenitor compartments (Rougeulle et al., 1997; Yamasaki et al., 2003) and there is growing evidence that altered progenitor properties may contribute to AS (and ASD) phenotypes including microcephaly and delayed myelination Singhmar and Kumar, 2011) . Thus, we focused on the cortical progenitor niche and the choroid plexus, which generates cerebral spinal fluid and its associated factors that influence niche properties (Huang et al., 2010; Johansson et al., 2013) .
We observed two unique staining patterns not previously reported in mouse or human systems. First, we observed a relative absence of UBE3A in the nuclei of phospho-vimentin+/SOX2+ progenitors, and a high intensity perinuclear UBE3A signal instead ( Figure  S2E ). Progenitors from the apical-like surface and ventricular/sub-ventricular zone-like regions both exhibited these expression patterns. Second, we identified a short time period between 3-5 week old hCOs where UBE3A was strongly nuclear in the TTR+ (transthyretin) epithelial cells of choroid plexus-like regions ( Figure S2F ). This pattern was lost in older hCOs (7 weeks) with UBE3A staining more diffuse across subcellular compartments. While it is unclear if these specific spatiotemporal patterns indicate biologically relevant functions of UBE3A, they suggest an intriguing possibility that neurogenesis impacts AS/ASD disease etiology.
hCOs recapitulate the complex epigenetic expression of UBE3A and UBE3A-ATS.
While UBE3A's subcellular localization is important for its function, its dosage is also a clear primary driver of AS and ASD disease phenotypes. As an imprinted gene, UBE3A's paternal allele is silenced just after birth in mice (between P0-P6) in most neurons of the brain (Judson et al., 2014) . Because the paternal allele is silenced, mutations or deletions of the maternal allele result in the absence of UBE3A protein in neurons, resulting in Angelman Syndrome (Kishino et al., 1997) . Conversely, maternal UBE3A duplications and gain of function mutations are linked to ASD phenotypes (Yi et al., 2017) . The silencing of paternal UBE3A is also associated with a long, non-coding antisense RNA (UBE3A-ATS). As cells differentiate into neurons, UBE3A-ATS expression increases to a high enough level to silence paternal UBE3A, potentially through a hypothesized collision mechanism (Hsiao et al., 2019; Stanurova et al., 2016) between these two opposed and overlapping transcripts.
Given the importance of UBE3A-ATS and UBE3A, we asked whether their dynamic epigenetic expression could be captured in hCOs. Through quantitative RT-PCR, we observed a monotonic increase in UBE3A-ATS transcripts starting at 3 weeks in culture ( Figure 3A ). However, we could not observe paternal UBE3A silencing in neurotypical hCOs ( Figure 3B ). This is expected as previous reports in mice showed that maternal UBE3A dosage compensates for paternal imprinting (Hillman et al., 2017) . Therefore, to observe paternal UBE3A silencing we obtained a human induced pluripotent stem cell line previously generated from an Angelman syndrome patient (Chamberlain et al., 2010) and created hCOs from them (AS hCO). These cells lack maternal UBE3A so any transcripts detected would be derived from the paternal copy. When we measured UBE3A-ATS transcript levels, we observed a monotonic increase, similar to neurotypical hCOs ( Figure 3A ). As expected, UBE3A transcripts decreased only in AS hCOs, after 6 weeks ( Figure 3B ). In addition, the ~3 week delay between when UBE3A-ATS began to increase and UBE3A decreased is similar to previous observations (Hsiao et al., 2019) . We also observed an interesting transient increase in UBE3A in both neurotypical and AS hCOs, suggesting that a transient elevation in UBE3A expression may occur in neurodevelopment prior to imprinting.
Taking further advantage of the fact that AS hCOs have only paternal UBE3A we next asked where paternal UBE3A was being localized over time. Interestingly, unlike in neurotypical hCOs, UBE3A localized to the nucleus of SOX2+ and EOMES+ progenitors during early hCO development (4-7 weeks) ( Figure 3C , 3D, S3A). We suspect that the apparent nuclear localization of UBE3A in progenitors could be due to the absence of cytoplasmic isoforms, although the strength of expression was similar across neurons and neural progenitors. In older AS hCOs (10-12 weeks), UBE3A expression became substantially more diffuse in EOMES+ cells ( Figure 3D , 3F and S3B), while becoming only slightly less nuclear in SOX2+ cells ( Figure 3F ). In neurons of 1-7 week old hCOs, UBE3A was nuclear, but upon extended culture (10-17 weeks) UBE3A intensity weakened, becoming absent in TUJ1+, MAP2+, TBR1+ and SATB2+ neurons ( Figure 3C , 3E, 3F, S3A, and S3C-E). Interestingly, immature SOX2+/TUJ1+ neurons did exhibit nuclear UBE3A in 10-12-week old AS hCOs, consistent with previous reports of paternal UBE3A expression in immature neurons (Grier et al., 2015; Jones et al., 2016; Judson et al., 2014; Sato and Stryker, 2010) (Figure S3F ). Collectively, these results suggest hCOs exhibit successful imprinting and that this process may be occurring very early in human fetal development.
Paternal UBE3A can be pharmacologically re-activated in AS hCOs.
Since AS hCOs successfully imprint paternal UBE3A and model early human neurodevelopment, they represent a useful new experimental system to test and screen potential AS therapeutics. A leading therapeutic strategy actively being developed for Angelman Syndrome has been to reactivate the imprinted paternal UBE3A to compensate for the absent maternal copy (Bailus et al., 2016; Chamberlain and Brannan, 2001; Huang et al., 2012; Lee et al., 2018; Meng et al., 2013 Meng et al., , 2014 . We therefore asked if paternal UBE3A could be pharmacologically reactivated in AS hCOs. Prior work found topoisomerase inhibitors (topotecan and indotecan) could reactivate paternal UBE3A in mice (Huang et al., 2012; Lee et al., 2018) and human cell cultures (Fink et al., 2017; King et al., 2013) . In particular, these compounds were shown to reactivate paternal UBE3A by decreasing paternal UBE3A-ATS levels. Therefore, we first used 11-week-old hCOs as they showed significant imprinting of UBE3A, and added 1 μM topotecan or indotecan and measured UBE3A-ATS and UBE3A transcripts 3 days after treatment. Both topotecan and indotecan were able to knock down UBE3A-ATS 7 and 4 fold while increasing UBE3A 1.8 and 1.75 fold, respectively ( Figure 4A ). These roughly match changes observed in mouse and human neuronal culture systems (Fink et al., 2017; Huang et al., 2012) . Furthermore, we observed an increase in nuclear UBE3A in neurons through immunostaining ( Figure 4B , 4C, and S4B).
One the major open questions in treating neurodevelopmental disorders is the delivery kinetics and pharmacodynamics. At what time point, how frequently, and for how long should potential therapeutics be delivered, and how persistent are therapeutic effects? We therefore asked if topotecan/indotecan treatments would have differential effects if delivered to different age AS hCOs (4, 11, and 15 weeks). Both compounds knocked down UBE3A-ATS and increased UBE3A at 11 and 15 weeks ( Figure 4A and S4A) . However, at 4 weeks, we observed only a reduction in UBE3A-ATS and did not detect an increase in UBE3A expression ( Figure 4D ). This could be attributed to a delay between transcription of UBE3A-ATS and silencing of UBE3A (Hsiao et al., 2019; Stanurova et al., 2016) (Figures 3A and 3B ) so that UBE3A expression levels are still high at that stage of hCO development.
Next, we asked if the rescue of UBE3A could be enhanced by persistent and longer-term therapeutic delivery. We exposed AS hCOs to fresh media prepared with 1 μM indotecan every day for 9 days and analyzed samples at days 1, 3, 6, and 9. Our results showed that UBE3A levels increased up to day 6. However, the samples analyzed on day 9 showed a decrease in UBE3A expression. UBE3A-ATS levels remained low throughout this analysis with no significant differences between time points ( Figure 4E and S4C) .
The decrease in UBE3A after 9 days of repeated treatments may have been due to the toxic effects of topoisomerase inhibitors (Kummar et al., 2016; Lee et al., 2018) . We therefore asked if a single pharmacological treatment could have lasting effects. We delivered topotecan or indotecan to 11 week old AS hCOs and measured transcript levels 10 and 17 days later with media changes containing no drugs after the single treatment. While topotecan was unable to maintain elevated levels of UBE3A after both 10 and 17 days, indotecan's rescue of UBE3A persisted throughout the experiment (Figure 4F and 4G) . The increased 'memory' of indotecan could be due to its increased chemical stability (Kummar et al., 2016; Lee et al., 2018) or an as yet unknown epigenetic mechanism. We also note that topotecan treated samples appeared to have a compensatory rebound 10 days after treatment in which UBE3A-ATS increased beyond the original levels ( Figure 4F ). In addition, both topotecan and indotecan were unable to fully rescue UBE3A to neurotypical levels, although studies suggest even partial rescue of UBE3A would have beneficial effects (Brockmann et al., 2002; Le Fevre et al., 2017; Meng et al., 2012) . Collectively, these observations may inform the treatment window and regimen for potential future therapeutics.
DISCUSSION
The excitement surrounding hCOs derives from their potential to fill important gaps that are inaccessible by other experimental systems. This is illustrated in this work, where important molecular events involving UBE3A were found to be dynamically occurring early in hCO development, supporting the hypothesis that the etiology of many Angelman Syndrome phenotypes may arise prenatally (Silva-Santos et al., 2015; Sonzogni et al., 2019) . These results emphasize a primary utility of hCOs: they provide ample physiologically relevant human materials to access prenatal time periods that are difficult to obtain even in animal models and that face ethical and legal restrictions in humans. hCOs may also serve as experimental models to 'translate' analogous phenotypes and their timescales observed in animal models to human biology; for example, similar molecular events such as a change in protein localization or imprinting could be compared across the very different gestational timescales of mice and humans. This work presents a broadly applicable archetype for how hCOs can be harnessed to access these gaps in our understanding of human neurodevelopment and associated disorders, and how they relate to and could potentially leverage useful and longstanding animal models.
Another major advantage of hCOs is their ability to generate a diverse range of human cell types at very early points in neurodevelopment. For example, we showed that the subcellular localization of UBE3A could be tracked in time but also across diverse cell types present during neurodevelopment. We further demonstrated the multifold importance of this capability: it identifies prenatal stages that may be important for disease etiology; it hints at effective time windows for administering therapeutics; and it suggests roles for specific cell types in disease mechanisms, including cell types not present in rodent models (i.e. outer radial glia). For example, the distinct localization patterns of UBE3A in stem cells, progenitors, and choroid plexus-like cells that we observed ( Figures 1B, S1B, 2A and S2E and S2F) , including differential expression patterns between neurotypical and AS hCOs ( Figures 3C-F) , were previously not known; but they strongly suggest future work should investigate the mechanistic roles of these cell types in AS and ASD.
As with subcellular localization, imprinting is also a dynamic feature crucial in neurodevelopment. Imprinting affects gene dosage, potentially mediates environmental influences (Kappil et al., 2015; Litzky et al., 2018) , and its misregulation is implicated in a range of neurodevelopmental disorders (LaSalle et al., 2015) . Given that the brain is host to over 100 tissue-specific imprinted genes, the utility of hCOs could be quite broad. It should be noted that especially with regards to imprinted genes, human cell lines should be chosen carefully. The imprinted status of the Prader-Willi Syndrome imprinting center, relevant to UBE3A imprinting, had previously been confirmed for both the H9 and AG1-0 pluripotent cell lines used in this study (Chamberlain et al., 2010; Stanurova et al., 2016) . In addition, UBE3A expression was previously shown to imprint during neuronal differentiation of these cells in 2D cultures. However, a recent large scale study of over 270 hPSC lines found that while most cell lines maintained proper imprinting at most loci, the majority had at least one locus that lost proper imprinting (Bar et al., 2017) . Thus, specific hIPSCs may not be suitable for studies involving certain loci.
Perhaps the most important aspect of UBE3A biology revealed in this work is the fact that both the salient changes in subcellular localization and in UBE3A-ATS/UBE3A expression occurred in what is the hCO equivalent of the first human trimester. The potential implications of these early dynamics are profound. While hCOs cannot provide behavioral phenotypes, recent work from Elgersma and colleagues have shown, through conditional control of UBE3A knockout or reinstatement, that at least a subset of behaviors in mice are impacted by perinatal UBE3A levels and cannot be rescued later in neurodevelopment (Rotaru et al., 2018; Silva-Santos et al., 2015; Sonzogni et al., 2019) . Collectively, both human and mouse studies now support a scenario where early, even prenatal, treatment in humans may be necessary to have maximal therapeutic effects, although significant benefits may still be achieved through interventions later in life. In addition, hCOs may help inform specific delivery schedules. For example, we found: early treatment prior to UBE3A imprinting would likely be ineffective ( Figure 4D) ; indotecan may have more persistent effects than topotecan ( Figure 4F and 4G) ; and transient administration of some therapeutics may lead to an undesired rebound effect that should be carefully considered or monitored ( Figure 4F ). hCOs have advanced rapidly with studies demonstrating their similarity to fetal tissue (Camp et al., 2015; Quadrato et al., 2017) , protocols that create hCOs with remarkably consistency (Velasco et al., 2019) , and even modularly combined hCOs (Bagley et al., 2017; Giandomenico et al., 2019; Xiang et al., 2017) . Here we have shown that the utility of hCOs can be expanded in the contexts of tracking complex spatiotemporal and epigenetic molecular events, identifying new molecular phenotypes in diverse cell types, and modeling therapeutically relevant responses to distinct treatment regimens.
DS and AJK conceived the study. DS planned and performed the wetlab experiments with guidance from AJK and experimental support from AV and ZD. DS and AJK wrote the paper.
DECLARATION OF INTERESTS
There are no competing interests. (E) mRNA after 1-9 days of continuous 1 µM indotecan treatment in 11 week old AS hCOs, ratioed to untreated day 0 AS hCOs. No significant change in vehicle treated samples ( Figure  S4C ). *P<0.05, compared to day 0 by one-way ANOVA with Tukey-Kramer post hoc, n=3 biological replicates, error bars = 95% confidence intervals.
(F) mRNA 10 days after a single drug-treatment in 11 week hCOs.
(G) mRNA 17 days after a single drug-treatment in 11 week hCOs.
STAR METHODS

Cell culture and cerebral organoid generation
Feeder-independent H9 hESCs (WA09) were obtained from WiCell. Cells were maintained in 6well tissue culture dishes (Fisher Scientific Corning Costar) coated with 0.5 mg/cm 2 Vitronectin (VTN-N) (Thermo Fisher Scientific) in E8 medium (Thermo Fisher Scientific) and passaged using standard protocols. Angelman Syndrome (AS) iPSCs were developed by the laboratories of Stormy J. Chamberlain, PhD and Marc Lalande, PhD, University of Connecticut and obtained from Kerafast (Chamberlain et al., 2010) . iPSCs were initially cultured on irradiated mouse embryonic fibroblasts (MEFs) with standard hESC medium: DMEM/F12 (Corning) supplied with 20 % KnockOut serum replacement (KOSR) (Thermo Fisher Scientific), 3 % fetal bovine serum (FBS) (VWR Life Science Seradigm), 1 % non-essential amino acids (NEAA) (HyClone), 1 % glutamax (Thermo Fisher Scientific), 4 μg/mL basic Fibroblast Growth Factor (Thermo Fisher Scientific 13256029) and 100 mM 2-mercaptoethanol (VWR), before being slowly adapted to E8 and vitronectin conditions. Cells were maintained in a humid incubator at 37 °C with 5 % (vol/vol) CO2. Cerebral organoids from H9 hESCs and AS iPSCs were generated and maintained using the same protocol as described (Lancaster and Knoblich, 2014; Lancaster et al., 2013) .
Topotecan and Indotecan treatment
Topotecan was purchased from Sigma Aldrich. Indotecan (LMP400) was obtained from the Developmental Therapeutics Program (DTP) branch, National Cancer Institute. Both drugs were reconstituted in dimethyl sulfoxide (DMSO) to 10 mM stock concentration, aliquoted to prevent freeze-thaw cycles, protected from light, and stored at − 20 °C. Drugs were directly added to AS cerebral organoids at 1 μM final concentration in culture medium. Organoids were cultured for 72 hrs without a fresh medium change to allow time for un-silencing of paternal UBE3A. For long term effects of single drug exposure experiments, the first drug-free medium change was performed 3-days after the single drug administration. Samples were collected 7 and 14 days after the fresh medium change (total of 10 and 17 days from initial drug exposure). For experiments testing the effects of drug exposure time, organoid culture medium was replaced daily with fresh medium containing drugs.
Transfection of HEK 293FT Cells and Lentivirus Particles Production
To generate lentivirus particles, HEK 293FT cells (ThermoFisher) were seeded on a 6-well plate at a density of 5.0 x 10 6 cells/ml in complete cultured media (DMEM with high glucose containing 10% FBS and non-essential amino acids; Corning). When cells reached 80% confluence, the medium was replaced with Opti-MEM reduced serum medium containing GlutaMax (ThermoFisher) and exposed to 25 µM chloroquine diphosphate (Sigma-Aldrich) for 5 hours before being transfected with the plasmid mixture. The plasmid mixture consisted of pLenti-CamKIIa-GFP (Addgene, Plasmid #96941), pCMVR8.74 (packaging plasmid, Addgene, Plasmid #22036), pCMV-VSV-G (envelope plasmid, Addgene, Plasmid #8454), and pAdVAntage vector (Promega, E1711) each at 300 fmol. Polyethyleneimine (PEI, Sigma) was used as the transfection reagent at a ratio of 3:1 (PEI:DNA). PEI was combined with the plasmid mixture, incubated for 20 minutes at room temperature, and spread drop-wise over the culture. A fresh media change was performed after 18 hours. Media containing lentiviral particles were harvested 48 and 72 hours post transfection, spun down at 500 g for 5 min and filtered using 0.45 µm PES syringe filters (VWR). The particles were concentrated by centrifugation at 2,500 g for 15 min using Amicon Ultra-15 centrifugal filter units (EMDMillipore, UFC910008). Concentrated lentivirus was aliquoted and stored at -80°C. hCOs were transduced by incubating 100µL pLenti-CamKIIa-GFP virus in 1mL cerebral organoid differentiation media for 12-hours.
Histology and Immunofluorescence
Tissues were fixed in 4% paraformaldehyde for 15min at 4 °C followed by 3 x 10 minute PBS washes. Tissues were allowed to sink in 30 % sucrose overnight and then embedded in 10 % gelatin/7.5 % sucrose. Embedded tissues were frozen in an isopentane bath between −50 and −30 °C and stored at -80 °C. Frozen blocks were cryosectioned to 30-µm. For immunohistochemistry, sections were blocked and permeabilized in 1 % Triton X-100 and 5 % normal donkey serum in PBS. Sections were then incubated with primary antibodies in 0.3 % Triton X-100, 1 % normal donkey serum in PBS overnight at 4 °C in a humidity chamber. The primary antibody details and dilutions are listed in Table S1 . Sections were then incubated with secondary antibodies in 0.3 % Triton X-100, 1 % normal donkey serum in PBS for 2h at RT, and nuclei were stained with DAPI (Invitrogen). Slides were mounted using ProLong Antifade Diamond (Thermo Fisher Scientific). Secondary antibodies used were donkey Alexa Fluor 488, 546 and 647 conjugates (Invitrogen, 1:500). Images were taken using a Nikon A1R confocal microscope (Nikon Instruments). High magnification images captured using thin (1.5 µm) optical sectioning. All samples within experiments were processed at the same time, imaged using the same microscope settings, and adjusted identically for quantification purposes. Quantifications were performed manually except for Figure 4C , where a CellProfiler pipeline automated the identification first of nucleic using DAPI, DAPI that were positive for GFP, and finally the mean background-subtracted UBE3A intensity or percent nuclei that had positive UBE3A signal above background. For quantification, intensities of all channels were maintained equally across all images. For displays, individual channels were balanced equally across the entire image.
RNA extraction and qPCR
For each qPCR sample 6-12 hCOs were collected in 2mL RNAse-free tubes and chilled on ice throughout the procedure. hCOs were washed 3 times in cold PBS. Matrigel was dissolved by incubating the hCOs in chilled Cell Recovery Solution (Corning, cat. no. 354253 ) for 1h at 4 °C. The dissolved Matrigel was removed by rinsing 3 times in cold PBS. Total RNA was isolated using Direct-zol RNA MicroPrep Kit (Zymo Research) according to the manufacturer's protocol. cDNA synthesis was performed using 900 ng of total RNA and the iScript Reverse Transcription Kit (BIO-RAD) according to the manufacturer's protocol. qPCR reactions were performed using IQ Multiplex Powermix (BIO-RAD) on a BIO-RAD 384-well machine (CXF384) with PrimePCR probe assays (BIO-RAD). Unique assay id for UBE3A primers and probe is qHsaCIP0031486. Primer pairs and probes for UBE3A-ATS (RT-17 designed by Runte and colleagues) (Runte et al., 2001) , HPRT and TBP were custom designed and are listed in Table S2 . Individual primer pairs and probes were tested before multiplexing reactions. Analysis of UBE3A and UBE3A-ATS expression along with two reference genes TBP and HPRT was performed in triplicate using Excel by calculating the ΔΔCt value. Data are presented as expression level (2 -ΔΔCt ) relative to TBP or HPRT.
